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Porous structures formed by sintering of powders, which involves material-bonding
under the application of heat, are commonly employed as capillary wicks in two-phase
heat transport devices such as heat pipes. These sintered wicks are often fabricated in an
ad hoc manner, and their microstructure is not optimized for fluid and thermal performance. Understanding the role of sintering kinetics—and the resulting microstructural
evolution—on wick transport properties is important for fabrication of structures with
optimal performance. A cellular automaton model is developed in this work for predicting microstructural evolution during sintering. The model, which determines mass transport during sintering based on curvature gradients in digital images, is first verified
against benchmark cases, such as the evolution of a square shape into an areapreserving circle. The model is then employed to predict the sintering dynamics of a sideby-side, two-particle configuration conventionally used for the study of sintering. Results
from previously published studies on sintering of cylindrical wires are used for validation. Randomly packed multiparticle configurations are then considered in two and three
dimensions. Sintering kinetics are described by the relative change in overall surface
area of the compact compared to the initial random packing. The effect of sintering
parameters, particle size, and porosity on fundamental transport properties, viz., effective
thermal conductivity and permeability, is analyzed. The effective thermal conductivity
increases monotonically as either the sintering time or temperature is increased. Permeability is observed to increase with particle size and porosity. As sintering progresses,
the slight increase observed in the permeability of the microstructure is attributed to a
reduction in the surface area. [DOI: 10.1115/1.4026969]
Keywords: sintering model, effective thermal conductivity, permeability, wicks, heat
pipes, random packed beds, cellular automaton

1

Introduction

The unprecedented miniaturization of electronics and the
advent of multicore architectures have led to continual increases
in the thermal design power of microelectronics as predicted by
the thermal Moore’s law [1]. Many present-day, high-performance
applications require cooling solutions that can handle local heat
fluxes as high as 500 W cm2 [2]. One solution for managing such
high heat fluxes is to exploit phase change in pumped liquidcooling systems, as employed in two-phase jet impingement [3]
and microchannel [4] heat sinks.
Heat pipes, vapor chambers, and two-phase capillary pumped
loop devices capable of transporting heat over long distances
without a substantial drop in temperature offer passive and compact cooling alternatives to pumped cooling systems [5,6]. These
devices exploit capillary action generated by an internal porous
material lining that enables passive transport of the working fluid.
Owing to phase change and convective transport of the internal
working fluid, the effective thermal conductivities of these devices are up to two or three orders of magnitude higher than for
solid conductive materials of the same dimensions; these devices
therefore find widespread application in thermal management [7].
Specifically, such two-phase heat transport devices are used
widely for hot-spot cooling and heat spreading in the electronics
cooling industry.
The two primary internal constituents of a heat pipe are the wick
and the working fluid. Water, owing to its desirable thermophysical
1
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properties and compatibility with the copper shell, remains the
most commonly used working fluid in the temperature range typical
of electronics cooling applications. Wicks, on the other hand, can
be made from a variety of materials resulting in different structures.
Wick types are classified as homogeneous wicks, such as those
made of wrapped screen meshes and sintered metal powders, and
as composite wicks; examples of the latter include composite
screen wicks and screen-covered groove wicks. Due to the wide
distribution of pore sizes, composite wicks provide high capillary
pressure and high permeability, but are more difficult to manufacture [5]. The high production cost of composite wicks limits them
to niche applications. Homogeneous wicks, on the other hand, are
inexpensive and are widely employed.
Estimation of the transport properties of wick structures is
essential for designing high-performance heat pipes. Dullien [8]
provided an excellent review of experimental measurement techniques. In our previous work [9], a thorough characterization of
the single-phase thermal performance of monoporous sintered
copper powder wicks was performed via a microtomographybased direct numerical simulation. The limitations of present-day
experimental methods and commonly used analytical expressions
in characterizing single-phase heat transfer properties, such as
effective thermal conductivity and permeability, was demonstrated. In follow-on work [10], several two-phase characteristics
of interest, such as capillary pressure, effective pore radius, and
evaporative heat fluxes, were estimated employing the volume of
fluid method coupled with microtomography data. A detailed
description of recent advances in analysis of thermal transport
through porous sintered beds may be found in Ref. [11].
The various single-phase and two-phase heat transfer properties
of a wick are all directly related to its microstructure, and desirable properties often compete with one another. For example, a
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smaller wick pore size promotes the desired higher capillary pressure; however, the smaller the pore size, the harder it is for fluid
to flow through the wick, i.e., the permeability of the wick is
reduced. Under these design constraints, optimizing the wick
microstructure is a challenging problem, and calls for a fundamental model that can predict these various characteristics directly as
functions of wick microstructure and fabrication processing
parameters.
In the present work, we focus on characterizing the dependence
of sintered powder wick transport properties on sintering kinetics.
Sintering kinetics and modeling approaches are briefly reviewed.
A cellular automaton model is first developed for predicting the
microstructural evolution during sintering. Several two- and threedimensional configurations are considered, and the effective thermal conductivity and permeability of the wick structure are estimated. The model, which determines surface mass transport via
curvature gradients, is first verified against benchmark, twodimensional cases. The performance of the numerical model is
validated by comparing the neck size growth for a two-cylinder
configuration against theory and experimental data available in
the literature for sintering of cylindrical wires. Further, a twodimensional case corresponding to random packing of monosized
cylinders is also considered from the literature, for prediction and
comparison of simulated microstructural evolution and effective
thermal conductivity. The numerical model is then employed to
predict transport characteristics for various three-dimensional
configurations of randomly dispersed spherical particles. Cases
with varying porosity at a fixed particle size, and varying particle
sizes at a fixed porosity, are considered to allow a delineation of
the importance of porosity and particle size independently. Further, a realistic structure with particles sizes of a near-Gaussian
distribution is also considered to depict a random, commercial
wick.

2

Numerical Modeling

2.1 Sintering. A loose powder compact is sintered to form
monolithic parts consisting of a collection of particles, interparticle connections (necks) and pore spaces, by heating the material
to an elevated temperature below the melting point [12]. Interparticle bonding leads to a significant improvement in a number of
structural and thermal characteristics of the part being sintered,
such as strength, thermal conductivity, and capillary pressure [5].
Sintering may proceed via a number of mechanisms, such as
surface diffusion, volume (lattice) diffusion, grain boundary diffusion, and evaporation-condensation diffusion mechanisms. German [12] provided a detailed description of these mechanisms;
depending on characteristics such as particle size, temperature,
and material properties, one or several of these could be the dominant diffusion mechanism.
Sintering is often described as occurring in three stages—
initial, intermediate, and final. The initial stage begins with a
loose powder compact with particles in point contact with one
another. Interparticle connections begin to form as material diffuses to the neck region from the rest of the surface, and the pores
begin to round and start becoming circular. In the intermediate
stage, pore-rounding continues, and the distinction between individual particles begins to fade. In this stage, the pores are still
largely connected with each other [12]. In the final stage, the pore
spaces become disconnected, and start to collapse if there are no
interstitial trapped gases. Significant shrinkage and density change
occurs and the individual grains (particles) are no longer distinguishable. Different diffusion mechanisms are dominant at these
different stages; however, it must be noted that sintering is a
continuous process and multiple diffusion mechanisms are active
at any instant of time. Discrete stage distinctions have been made
in the literature for the purpose of describing the sintering physics
and modeling the microstructure evolution [12]. Figure 1 shows a
typical sintered copper powder wick. The main distinguishing

Fig. 1 Microstructure of a sintered wick: (a) a 2D cross section
obtained via X-ray microtomography, and (b) corresponding 3D
reconstructed microstructure, shown for a 250–355 lm particle
size wick from Ref. [9]

features of these realistic wicks that are not captured by a simple
spherical packed bed are the interparticle neck shapes and the varied particle size distribution.
Sintering theories describing the idealized case of two uniformly sized spheres have been well developed [12–14]. Depending on the type of diffusion mechanism modeled, different rates of
neck growth are obtained. In general, for the various diffusion
mechanisms, the growth of neck size, x, relative to the particle
size, D, temperature, T, and time of sintering, t, is described by
the following functional form:
xn ¼

CðTÞ
t
Dmn

(1)

The exponents m and n, and the factor C(T), are assigned values
depending on the specific diffusion mechanism [12]. Such theories
have been widely used for describing material transport due to
sintering for simple particle configurations in two and three
dimensions. Attempts have also been made to include differentsized spheres to capture the effect of a particle size distribution
(e.g., Ref. [15]). Some of the popular approaches for modeling
sintering include the discrete element method (DEM), phase-field
simulation, and Monte Carlo methods [15]. Martin et al. [16]
employed DEM to simulate the sintering of metallic powders; a
simple coarsening model was also employed to simulate densification. Monte Carlo methods have the advantages of being easy to
code and easily extensible from two to three dimensions. Various
microstructural evolution processes such as anisotropic grain
growth, recrystallization, and Ostwald ripening have been successfully simulated employing Monte Carlo methods, as noted in
Ref. [17]. In a series of works by Tikare et al. [18,19], solid-state
sintering in two and three dimensions was successfully simulated.
Later, in Ref. [17], a one-to-one comparison between the obtained
results and the observed sintering of copper particles of sizes
40–60 lm was presented. The model was observed to accurately
predict the underlying physical processes, viz., densification and
grain-growth [17].
Commercial sintered powder wick structures are typically composed of a collection of distributed particle sizes. It is infeasible to
include large variations in particle sizes for predicting microstructural evolution with the aforementioned methods, owing to the
high computational cost of treating material transport in a macroscopic volume down to the scale of the individual grains. Mathematically tracking a surface under the influence of its own
dynamics is notoriously difficult. For the case at hand, the surface
normal velocity is proportional to the divergence of the gradient
of the curvature (in the coordinates of the surface); a nonlinear,
fourth-order partial differential equation with moving boundary
conditions results. As noted in Ref. [20], such calculations have
either employed approximations or are solved using numerical
techniques, and are always limited to simple cases. To address
this challenge, Pimienta et al. [20] developed a model for simulating sintering evolution due to surface mass transport, driven by
curvature differences; this approach is also employed in the
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current work. By estimating curvature of the surface indirectly
from digital images, and relocating pixels (mass) based on the
measured curvature differences, realistic cases of random particle
collections in two and three dimensions were successfully simulated in Ref. [21]. In this approach, an atomically stepped surface
is replaced with a continuous depiction, represented digitally by
pixels. The size of a pixel is a small fraction of a particle, but far
larger than atomic length scales. Several advantages of using digital images may be identified. Random particle shapes and sizes
may be easily included. Physical quantities and transport characteristics may be readily computed based on images, either by
employing the naturally discretized pixels as computational elements, or by employing image-based meshing techniques
described in Refs. [9] and [22]. Curvature gradient-based sintering
simulations have also been performed by Wakai and Aldinger
[14] for simple cases such as sintering of two equally sized
spheres. The energy minimization tool, surface evolver [23], was
employed and the change in the interparticle neck was tracked for
a variety of dihedral angles between the contacting spheres.

2.2 Cellular Automaton-Based Sintering Model. In this
work, we employ the cellular automaton-based sintering model
originally proposed in [20], and later extended to three dimensions
in Ref. [21]. The model is only described briefly here, and readers
are referred to Refs. [20] and [21] for details. The core of the algorithm is appropriate curvature estimation. Curvature of a surface
may be readily estimated when the shape of the surface is known
analytically; however, for the case of random particle configurations, such a description is not always possible. Furthermore,
when irregularly shaped particles are considered, curvature estimation becomes even more challenging. To overcome these limitations, a pixel-counting method was suggested for indirectly
calculating the curvature, based on a method originally proposed
by Vicsek [24]. In this method, an imaginary box is drawn centered around the pixel for which curvature is being estimated. Curvature is calculated as being proportional to the number of void
(nonmaterial) pixels falling inside the box [20]. By considering
simple cases of circles and spheres, it was shown that such a pixel
count follows a linear relationship with respect to the actual value
of curvature, with the slope of the line varying with the size of the
pixel counting box [20]. Hence, as long as only the relative curvatures are important and not the exact values, as in the case of
curvature-driven mass transport, such estimates are useful.
The domain consists of only two phases, the material phase and
the void (air) phase. In each iteration of the algorithm, curvature
is estimated for interface pixels on the material side, and the

pixels are ordered in decreasing order of these curvature values.
From these, a prescribed number, n, of the highest curvature pixels are selected and removed (reassigned the void phase). If there
are multiple pixels with the same curvature cutoff value, selection
for movement is randomized. In the next step, the curvature value
is estimated for the void-side interface pixels. These pixels are
then arranged in increasing order of curvature values, and now, n
lowest curvature-valued pixels are selected and assigned the material phase [20]. At the end of an iteration, n highest-curvature
solid pixels have thus been selected and moved to n lowestcurvature void spaces. The procedure is repeated for the desired
number of iterations, or until an equilibrium shape is obtained.
This algorithm removes mass in a conserved fashion, i.e., the total
number of solid pixels remains constant throughout in the direction of the curvature gradient. Furthermore, the algorithm is easy
to implement, readily extensible to three dimensions, and can
model random configurations easily.
In this work, we employ this algorithm for predicting microstructural evolution during sintering. Subsequently, the microstructures are employed to estimate transport characteristics,
effective thermal conductivity, and permeability. Since digital
images are naturally discretized, image-based finite difference
methods (FDM) may be employed for transport property prediction. Alternatively, the images may be transformed into a computational mesh to allow analysis with commercial solvers. In this
work, we adopt 2D image-based finite difference codes developed
by Bohn and Garboczi [25] for calculating effective thermal conductivity of 2D microstructures. For 3D microstructures, we
employ a similar approach based on a 3D finite difference code
for computing effective thermal conductivity, while image-based
mesh generation and subsequent computational fluid dynamics
analysis, as described in detail in Refs. [9] and [22], is employed
for estimating permeability. Figure 2 shows a sample workflow
for estimating transport properties as a function of the extent of
sintering, beginning with a user-defined particle size distribution
for the initial random particle bed.

3

Results and Discussion

Qualitative microstructural evolution results are first discussed
for two 2D configurations, a square shape transforming to an areapreserving circle, and neck formation and evolution for the case
of two circles initially in point contact. A two-dimensional case
consisting of randomly distributed monosized cylinders that are
initially in point contact is also considered for which qualitative
as well as quantitative comparison of the present computations is
made against similarly computed data from the literature. Results

Fig. 2 The workflow employed in the current work for estimating transport characteristics for a
wick with user-defined particle size distribution is shown

Journal of Heat Transfer

Downloaded From: http://asmedigitalcollection.asme.org/ on 06/13/2014 Terms of Use: http://asme.org/terms

JULY 2014, Vol. 136 / 072601-3

for effective thermal conductivity that quantify the influence of
sintering neck size are presented.
Qualitative and quantitative evolution of random, 3D microstructures is then presented. Cases corresponding to fixed particle
size (varying porosity), and fixed porosity (varying particle size)
are considered to allow a delineation of porosity and particle size
independently. The influence of these parameters on transport
properties of interest, viz., effective thermal conductivity and permeability, is quantified via direct computations based on the generated 3D microstructures. Furthermore, a realistic case consisting
of a nearly Gaussian distribution of particle sizes is investigated
for demonstrating the flexibility of the framework developed here.
For the various cases, the influence of sintering neck size on the
effective thermal conductivity and permeability are quantified.
3.1 2D Microstructural Evolution
3.1.1 Area-Preserving Square to Circle Evolution. The first
2D case considered corresponds to evolution of a square to an
area-preserved circle. A square has large curvature gradients; the
curvature at the sharp corners is significantly higher compared to
that along the flat sides. Owing to these curvature differences,
mass (pixels) migrates from the corners to the flatter portions. At
equilibrium, we obtain a circle for which there are zero curvature
gradients. It may be noted that as we employ the pixel-counting
box algorithm for estimating curvature, curvature differences
beyond the size of the box cannot be accounted for, as also noted
in Ref. [20]. This calls for a large counting box. On the other
hand, when the size of the pixel-counting box is large, nonlocal
effects may be undesirably included; i.e., when the size of the
pixel-counting box is of the order of the size of the particles themselves, pixels from the surfaces of the neighboring particles are
counted. It was noted in Ref. [20] that a counting box of size 3 or
5 pixels is sufficient for all practical purposes. We employ a
counting box of size 5 pixels in this work for particle diameters
resolved by 10–25 pixels. Figure 3 shows the qualitative microstructural evolution of a square to a circle. This case corresponds
to a square of 30  30 pixels, with n ¼ 1 pixels removed per iteration. It may be noted that the corner pixels with the highest curvature are the first to be relocated. For this case, the equilibrium
circle shape was obtained in approximately 100 iterations.
3.1.2 Sintering of Two Cylinders in Point Contact. A widely
studied case for model validation is the sintering of two cylinders
in point contact. Beginning with the contacting cylinders, owing
to curvature differences between the outer surface of the particles
and the neck (interparticle contact) regions, mass (pixel) migration occurs. According to Eq. (1), as the temperature increases,
the time to reach a particular neck size x decreases [12]. In our

Fig. 3 Microstructure evolution of a square to an areapreserved circle, shown for a square with 30 3 30 pixels

algorithm, the number of pixels migrating per iteration, n, is
directly proportional to temperature, and the number of iterations
is proportional to time. To verify this, the two-cylinder scenario is
considered and the number of iterations necessary for the neck
size to reach a specified value of x/D ¼ 0.3 is calculated for different values of n. As shown in Fig. 4(a), the number of iterations
required decreases as n increases. Moreover, the iteration count
(time) versus 1/n relationship is linear, in accordance with Eq. (1).
This verifies that the effect of temperature is correctly captured
via the number of pixels migrating per iteration. Further, Fig. 4(b)
shows evolution of nondimensional neck size as a function of iteration number for multiple n values. It may be observed that the
slope of the curves is independent of n, confirming that the morphology of neck growth versus time is unaffected by n, as also
observed in Ref. [26]. At higher values of n (temperature), the
time to reach a particular neck size decreases; however, the neck
size-to-time relationship remains the same, as also observed in the
experiments of Ref. [26].
As a second verification step, the rate of neck growth for the
two-particle configuration is compared against the experiments of
Alexander and Balluffi [26]. In Ref. [26], sintering of cylindrical
copper wires of 128 lm diameter was studied experimentally. Sintering stages of neck formation and growth, pore smoothening and
rounding, grain growth, pore isolation, and closure were observed;
neck evolution was measured for sintering at various temperatures
in the range 900–1075  C. It was observed that neck size raised to
the fifth power increased linearly with time [26]. In our simulations, this same linear relationship with number of iterations
(time) was observed for (x/D)4.5, as shown in Fig. 4(c). This further validates that the rate of neck growth is being modeled
correctly.
Having validated the sintering model, the effective thermal conductivity of the two-cylinder configuration is estimated. For this, a
temperature gradient is imposed across the ends of the sample and
the amount of heat conducted is measured to calculate keff as [9]
ð
 J:dA
keff ¼  
(2)
@T
A
@xi
The calculations are performed on a grid discretized directly at
the pixel centroids in the 2D image. The open-source FDM codes
of Bohn and Garboczi [25], developed for calculating effective
electrical conductivity, were employed in this work by exploiting
the electrical-thermal conduction analogy. Figure 5 shows representative results obtained for a copper-water material combination. It is observed that the neck region is a constricting, highresistance region, and the effective thermal conductivity improves
as the neck develops. Most of the recommended correlations
relate effective thermal conductivity of sintered powder materials
to porosity as the lone independent parameter. As noted in our
previous work [9], and from Fig. 5(b), effective thermal conductivity varies for a fixed value of porosity; new correlations capturing the effect of neck size and not just porosity, are desirable.
3.1.3 Sintering of a Random Collection of Circular Particles.
As a final 2D case, a randomly spaced collection of equal-sized
disks of 15 pixels radius is considered. The initial microstructure
is adopted from Ref. [15], and the microstructural evolution is
shown qualitatively in Fig. 6(a). It may be observed in the first
several iterations that the pore space starts to round out and sintering necks begin to form. As iterations progress further, the pores
round further and then eventually disappear. These observations
are consistent with actual experimental observations typically
made in sintering experiments, as discussed in Refs. [12] and [15].
It may be noted that a few of the particles along the edges were
sharply cut off in the initial image; as nonperiodic boundary conditions were employed in this study, these particles had the
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Fig. 4 Sintering kinetics for a two-cylinder sintering scenario: (a) number of iterations required
to reach a constant neck size, and (b) relative neck size growth as a function of sintering
iterations for various values of n. Also shown in (c) is the typical power law behavior of neck
size growth, as observed in experiments and predicted by theory (Eq. (1)).

highest initial curvature and were hence among the first to sinter
(smoothen). Also shown for comparison in Fig. 6(a) are snapshots
from Ref. [15], in which a phase field approach was employed to
model sintering.
Employing the same procedure as described for the twocylinders case, effective thermal conductivity was estimated in
both the horizontal and vertical image directions for this case. In
Fig. 6(b), representative values for the original microstructure
(zero relative change in surface area) along with three intermediate stages are plotted as a function of change in overall surface
area relative to the area of the starting microstructure. Also shown
in Fig. 6(b) is similarly computed results for the microstructures

from Ref. [15] shown in Fig. 6(a). Very good agreement is
observed between the present data and those from Ref. [15],
which further validates the sintering model developed. Again, it
may be observed that thermal conductivity improves drastically as
the sintering neck develops—as little as a 20% change in surface
area leads to 4–7 times improvement in effective thermal conductivity, relative to that of the starting microstructure consisting
of cylinders in point contact. Shown in Fig. 6(c) is the decrease in
overall surface area of the compact relative to its initial surface
area (surface area of pre-sintered compact) as a function of sintering iterations, for three different values of pixels migrating per
iteration, n. As expected, at any value of n, the surface area
decreases as iterations progress, as sintering is a surface areaminimizing phenomenon. Also, as the value of n increases, the
surface area decreases rapidly, and vice versa, i.e., necks form and
grow more rapidly at higher temperatures, and surface area
thereby decreases at a relative higher rate.
3.2 3D Microstructural Evolution. Commercial sintered
wicks consist of a random collection of particles. In this study,
apart from the ideal and random 2D microstructures discussed earlier, several 3D, random microstructures consisting of spherical
particles are also considered. The evolution of the microstructure
during sintering is predicted. In the following, qualitative results
of microstructural evolution are presented, along with predictions
of effective thermal conductivity and permeability.

Fig. 5 Effective thermal conductivity calculation for the
two-cylinder sintering scenario: (a) problem setup, and (b)
computed values for initial and intermediate stages

3.2.1 3D Microstructure Generation. For the initial random
packed bed configuration, we use the random particle generator
described in Ref. [27]. Beginning with the largest-sized particles,
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Fig. 6 (a) Microstructure evolution and comparison with phase-field simulations of [15], (b)
predictions of effective thermal conductivity, and (c) sintering kinetics for a random 2D circular
particle bed

a user-specified distribution of particle sizes (number and radius
of each particle) is placed iteratively. Porosity may be controlled
indirectly by varying the particle radius and count for each particle type; however, the random generator lacks a shaking algorithm, and porosities lower than approximately 56% (i.e., particle
fractions greater than 44%) were difficult to obtain. Tightly
packed structures are often generated using shaking algorithms to
lower the energy of the system, and thus pack the particles
closely.
Further, this algorithm generates the microstructure with periodic boundary conditions, i.e., when a particle coincides with the
boundary, the part of the particle falling out of the domain is
placed at the opposite side of the boundary [27]. Following random particle placement, the generator also has an optional flocculation step, which may be used to control the number of clusters
(connected entities) in the microstructure. In the present study, we
generate and flocculate the structure such that the resulting structure is a single connected entity. Periodic boundary conditions are
again employed during flocculation [27], and hence, the generated
3D microstructure typically still contains many loose particles. An
image-based mesh generation process is employed to generate
computational meshes from the 3D image data (discussed, for
example, in Ref. [9]), but generation of periodic meshes is not
always possible. Employing such meshes made from microstructures consisting of loose particles is thus not viable for computing
effective thermal conductivity. To circumvent this issue, we
employ the 3D finite difference code of Bohn and Garboczi [25],
which directly operates on pixel centers as nodes and uses periodic boundary conditions by layering a shell of imaginary finite
difference nodes around the real ones. The temperature values at
those imaginary nodes are obtained from the corresponding real

ones by invoking the periodicity condition, and the discretized set
of equations corresponding to the Laplacian equation for energy
transport are solved via a conjugate gradient method [25]. For a
detailed description of the approach and validation cases, readers
are referred to Bohn and Garboczi [25]. We continue to use the
image-based mesh generation technique to compute permeability,
however, and employ the commercial finite volume solver, Fluent
[28]. We retain just the pore space of the microstructures for this
computation and generate the corresponding volumetric meshes.
Employing this approach, several 3D microstructures are generated, and their properties computed.
3.2.2 Effect of Particle Size. In our previous study, effect of
particle size on the transport characteristics of the wicks was analyzed by considering commercial wicks manufactured at 63%
porosity [9]. It was observed that the effective thermal conductivity increased as the particle size decreased. This was attributed to
increased interparticle necking at relatively smaller particle sizes.
Similarly, the smallest particle size samples demonstrated the
lowest permeability and vice versa, which was attributed to the
corresponding decrease in pore size with decreasing particle size.
In this study, we consider three particle sizes, viz., 110 lm,
170 lm, and 250 lm generated at a porosity of 60–62%. Figure
7 shows representative microstructures at various stages of sintering, along with the computed values of effective thermal conductivity plotted as a function of change in surface area relative to the
original surface area. The effective thermal conductivity values
were computed numerically by imposing a temperature gradient
and determining the average heat flux, as described in Ref. [25]
for the case of effective electrical conductivity, and the values
reported in this work are averaged over the three coordinate
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Fig. 7 Effect of particle size on sintering of random, 3D spherical powder compacts: (a)
microstructure evolution for sample made up of 170 lm particles, and (b) effective thermal
conductivity as a function of change in surface area relative to the initial microstructure

directions. Convergence of the numerical procedure is tracked by
monitoring the evolution of effective thermal conductivity as a
function of iterations—the solution is deemed converged if the
effective thermal conductivity values along all the directions
remained constant with iterations. As indicated in Fig. 8, such a
converged solution was obtained within about 100 iterations for
all the cases investigated in this study. For all particle sizes, effective thermal conductivity increases as surface area decreases, in
an approximately linear fashion. Further, effective thermal conductivity is observed to increase as porosity decreases, as
expected. Also, shown in Fig. 7 is a test case in which a particle
size range (110–310 lm) with nearly Gaussian distribution were

Fig. 8 Convergence history of the 3D finite difference code
from Ref. [25] employed in this work for calculating effective
thermal conductivity of 3D microstructures directly. The
solution may be assumed converged after approximately 100
iterations for all cases considered in this study.

considered. This case had a porosity of 57%, and demonstrated
the highest effective thermal conductivity.
Permeability and Ergun’s coefficient values were also computed. For these computations, velocity inlet and pressure outlet
boundary conditions are prescribed on opposite ends of the computational domain, while the lateral sides have symmetry conditions imposed. The pore velocity is varied, and the observed
pressure drop is correlated to velocity, employing Darcy’s law


@P
l
qCE
¼ U þ pﬃﬃﬃﬃ U 2
(3)

@x
K
K
Further details on computing permeability of random porous
media and employing meshes generated via 3D images may be
found in Refs. [22] and [9]. Table 1 shows permeability and
Ergun’s coefficient values for the various cases considered to analyze the influence of particle size. Similar to the observations for
effective thermal conductivity, permeability is observed to
increase, albeit only slightly, with the extent of sintering. Ergun’s
coefficient values, on the other hand, were observed to be more or
less constant with sintering, and only average values are reported.
Such an increase in permeability with sintering may be attributed
to two factors. First, sintering is a surface area-reducing phenomenon; with relatively small amounts of sintering, the pore size
remains essentially constant while the surface area decreases,
which leads to an increase in permeability. Along similar lines, as
the particles begin to sinter, they move closer to one another, and
since we employ a fixed bounding box, such movement of the particles near the boundaries opens up the pore space, as may be
observed from Fig. 7, further contributing to increased permeability. Similar observations were also made by Espinosa [29], who
experimentally measured effective thermal conductivity, permeability, and capillary pressure for sintered copper powder samples
as a function of sintering time. A variety of sintering temperatures
and particle sizes were considered, and it was noted that effective
thermal conductivity generally increased as sintering time
increased. Permeability, on the other hand, was observed to
remain relatively independent of sintering conditions, but
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Table 1 Permeability and Ergun’s coefficient predictions, and comparison with Kozeny-Carman correlation, shown for the case of
microstructures with constant porosity
Effective particle
diameter, DP,
Eq. (5) (lm)

Permeability,
K (m2)

Permeability
from K-C,
Eq. (4) (m2)

110 lm–0.61

113
125
143
160

1.14  1010
1.33  1010
1.69  1010
1.80  1010

1.21  1010
1.50  1010
1.97  1010
2.49  1010

6.12
12.4
16.4
38.3

0.22

170 lm–0.62

162
178
208
224

2.43  1010
2.61  1010
3.11  1010
3.50  1010

2.80  1010
3.38  1010
4.62  1010
5.40  1010

15.1
29.6
48.7
54.4

0.248

250 lm–0.61

237
248
276
293

5.18  1010
5.47  1010
6.73  1010
7.42  1010

5.82  1010
6.37  1010
7.85  1010
8.85  1010

12.3
16.5
16.6
19.2

0.184

110–310 lm–0.57

230
246
267
288

3.72  1010
4.14  1010
5.18  1010
6.59  1010

3.60  1010
4.14  1010
4.88  1010
5.68  1010

3.16
0.04
5.81
13.7

0.37

Case
(Diameter-Porosity)

increased suddenly as the wick was sintered further and began to
detach from the bounding walls. Further, permeability was
observed to be strongly dependent on the particle/pore size at a
fixed porosity; permeability increased as average particle size
increased [29]. Also shown in Table 1 are the permeability values
predicted by the popular Kozeny-Carman correlation defined
below, along with percentage difference relative to the current
computations
D2p e3
150ð1  eÞ2

(4)

It may be noted that Dp is an effective particle diameter and is
computed as follows:

Relative
percentage
difference (%)

Dp ¼

6ð1  eÞVT
Asf

Ergun’s
coefficient,
CE

(5)

where VT is the total volume of the sample including the pore and
the material phases, and Asf is the interstitial surface area [11]. As
sintering progresses, the surface area decreases, and this leads to
an increase in particle size Dp as also indicated in Table 1. Also,
as may be noted from Table 1, the Karman-Cozeny correlation
gives a relatively good estimate of permeability at small values of
sintering, but as sintering progresses, the correlation becomes less
and less accurate. Further, for any amount of sintering and any
particle size, the correlation is observed to over-predict permeability in general. Only for the case of a mixture of particle sizes were
the permeability values from the present computations slightly

Fig. 9 Effect of porosity on sintering of random, 3D spherical powder compacts: (a)
microstructure evolution for the case of 57% porosity, and (b) effective thermal conductivity as
a function of relative change in surface area
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Table 2 Permeability and Ergun’s coefficient predictions, and comparison with Kozeny-Carman correlation, shown for the case of
microstructures with constant particle size
Effective particle
diameter, DP,
Eq. (5) (lm),

Permeability,
K (m2)

Permeability
from K-C,
Eq. (4) (m2)

Relative percentage
difference
(%)

Ergun’s
coefficient,
CE

130 lm–0.57

125
146
167
188

9.73  1011
1.21  1010
1.56  1010
1.84  1010

1.02  1010
1.38  1010
1.82  1010
2.31  1010

4.83
14.3
16.4
25.3

0.45

130 lm–0.61

126
142
159
177

1.41  1010
1.56  1010
1.94  1010
2.50  1010

1.55  1010
1.95  1010
2.47  1010
3.06  1010

10.1
25.5
27.3
22.2

0.420

130 lm–0.73

125
134
144
154

4.65  1010
4.85  1010
5.21  1010
6.05  1010

5.43  1010
6.26  1010
7.26  1010
8.33  1010

16.7
29.0
39.2
37.8

0.217

Case
(Diameter-porosity)

higher relative to those computed via the correlation, as indicated
in Table 1. Similar observations were also made in our previous
work, in which we computed permeability values for real, random
wick structures [9].

Industry/University Cooperative Research Center at Purdue
University.

3.2.3 Effect of Porosity. The effect of porosity was analyzed
by considering three microstructures with porosities of 57%, 61%,
and 73%, all with randomly dispersed spherical particles of size
130 lm. Figure 9 shows a few representative 3D microstructure
images, along with effective thermal conductivity data plotted as
a function of change in surface area relative to the surface area of
the original compact for the porosities investigated. As expected,
effective thermal conductivity decreases as porosity increases. As
sintering proceeds, the overall surface area of the compact
decreases and the necks grow in size, owing to which, thermal
conduction improves. As shown in Table 2, permeability is
observed to be a direct function of porosity. An increase in porosity
at a fixed particle size enlarges the pore space (pore size increases)
and increases the permeability. Furthermore, similar to the previous
case of fixed porosity, permeability for this case was also observed
to increase slightly as a function of sintering time, which may again
be attributed to the reduction in surface area and opening up of
pore space near the boundaries, as evident from Fig. 9.

A,dA ¼
C(T) ¼
CE ¼
D, Dp ¼
J¼
keff ¼
K¼
m,n ¼
n¼
P¼
t¼
T¼
U¼
VT ¼
x¼

4

Conclusions

In this work, microstructure development during sintering is
modeled via a cellular automaton algorithm. This algorithm is
validated against theory and past experimental data for sintering
of cylindrical wires. Several 2D cases are considered for tracking
microstructure evolution, and understanding the role of interparticle necking on thermal conduction. The model is extended to
three dimensions, and then employed to study the influence of particle size and porosity on transport characteristics of interest to heat
pipe designers. It is observed that permeability is relatively independent of sintering conditions, but depends on porosity and particle size
– as porosity or particle size increases, permeability increases and
vice versa. Conversely, effective thermal conductivity is observed to
increase steadily as a function of increasing sintering iterations
(time) or pixels migrated per iteration (temperature). Similar observations were made for cases with constant porosity and a single particle
size. Further, a realistic case of a distribution of particle sizes, indicative of an actual pre-sintered compact, was also investigated, and permeability for this case was observed to be very well predicted
(<15% maximum difference) via the Kozeny-Carman correlation.
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Nomenclature
area
coefficient in neck growth model
Ergun’s coefficient
particle diameter
heat flux
effective thermal conductivity
permeability
exponents in neck growth model
sintering parameter
Pressure
time
temperature
velocity
volume of the sample
sintering neck diameter

Greek Symbols
e ¼ porosity
q ¼ density
l ¼ viscosity

Subscripts
eff ¼ effective
p ¼ particle
sf ¼ solid-fluid
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